Low-temperature absorption spectra are reported for Er 3+ : YAlO 3 ͑YAP͒ between 1700 and 350 nm. The low-temperature vacuum ultraviolet absorption spectra are also reported between 400 and 190 nm. A total of 134 experimental energy ͑Stark͒ levels representing 30 multiplets with energies below 44 000 cm −1 were modeled using a parametrized Hamiltonian defined to operate within the 4f 11 electronic configuration of the Er 3+ ions substituting for Y 3+ in YAP, an orthorhombically distorted perovskite. The Y 3+ sites have low symmetry ͑C S ͒. The crystal-field energy-level parameters were determined through use of a Monte Carlo method in which 14 independent parameters are given random starting values, which are optimized using standard least-squares fitting between calculated and experimental levels. The best solution obtained has a standard deviation of 6.92 cm −1 ͑rms error of 6.09 cm −1 ͒. In the presence of a magnetic field the Er 3+ ions occupy two magnetically inequivalent sites. As an independent check of the crystal-field modeling results, crystal-field wave functions for the 4 I 15/2 ground-state manifold of Er 3+ ͑4f 11 ͒ were used to calculate the orientation-dependent anisotropic magnetic susceptibility as a function of temperature over the Curie-Weiss region. The calculated susceptibilities along the a-, b-, and c-axes of the crystal are in excellent agreement with experimental values reported as part of the present study. Van Vleck paramagnetism must be included in the calculations in order to achieve agreement. The calculated angle ͑39.6°͒ associated with the magnetic moment of the Er 3+ sublattice along the a-and b-axes is in good agreement with the corresponding angle reported for Er 3+ in the orthoferrite structures.
I. INTRODUCTION
Yttrium orthoaluminate, YAlO 3 ͑YAP͒, has favorable optical, thermal, and mechanical properties that make it attractive as a solid state laser host. 1, 2 The optical transparency of YAP extends farther into the vacuum ultraviolet than most laser host materials, making it possible to excite luminescence from states of dopant ions having energies as high as 54 000 cm −1 . Lushchik et al. 3 reported an onset of intrinsic absorption at about 7.6 eV. The infrared and Raman spectral analyses reported by Gupta and Ashdhir 4 establish transparent windows for stimulated emission in the far infrared from dopant activator ions. For these reasons, YAP is the host of choice relative to Y 3 Al 5 O 12 ͑YAG͒ as an optical matrix for certain applications. 5, 6 Trivalent rare earth ͑RE 3+ ͒ ions, serving as the dopant activator ion in YAP, have an extensive range of energy levels associated within the 4f 11 electronic configuration. [7] [8] [9] The 4f to 4f intraconfigurational transitions between the energy ͑Stark͒ sublevels of the multiplet manifolds 2S+1 L J of the configuration appear as optical spectra observed over a wide range of wavelengths from the infrared to the ultraviolet that are useful in photonic applications.
1,10-13 Studies of energy transfer and cross relaxation between RE 3+ ions in YAP have been observed by numerous authors, who also reported upconversion, excited-state absorption, and photon avalanche processes that result in stimulated emission at frequencies useful in certain applications. [14] [15] [16] [17] Recently, we reported temperature-dependent magnetooptical properties of TbAlO 3 . [18] [19] [20] Results from those studies suggest that the erbium perovskite system may possess interesting magneto-optical properties as well. Some of the energy ͑Stark͒ levels of Er 3+ 4f 11 in YAP have been reported earlier by Donlan and Santiago, 21 followed by a crystal-field splitting calculation of the Stark levels by O'Hare and Donlan. 22 Using synchrotron radiation to excite Nd 3+ and Er 3+ ions in YAP, Duan et al. 23 recently reported the excitation spectrum of the 473 nm emission from the erbium crystal between 75 and 300 nm. Their modeling of the crystalfield splitting of the Er 3+ energy levels, however, was confined to the use of the 104 experimental Stark levels reported earlier by Donlon and Santiago. 21 In the current study of both energy levels and magnetic susceptibility of Er 3+ in YAP, we first present the lowtemperature absorption spectrum between 1700 and 190 nm. Inclusion of an analysis of the vacuum ultraviolet ͑vuv͒ spectrum allows us to extend the modeling of the crystal-field splitting to experimental levels above the highest energy level ͑39 312 cm −1 ͒ listed in Ref. 21 . The modeling analysis of the energy levels uses a Monte Carlo method to determine a parameter set of atomic and crystal-field parameters correa͒ sponding to the best ͑global͒ minimum between theoretical eigenvalues and experimental Stark levels. A total of 134 experimental-to-calculated Stark levels was used in the fitting analysis with a final standard deviation of 6.92 cm −1 , representing the 30 lowest-energy multiplet manifolds of Er 3+ ͑4f 11 ͒. The onset of absorption to the excited 4f n−1 5d band observed near 190 nm is confirmed by the excitation spectrum reported by Duan et al. 23 The final set of crystal-field wave functions generated from the modeling calculations was then used to predict the temperature-dependent, orientation-dependent magnetic susceptibility of the ground-state manifold, 4 I 15/2 . Excellent agreement was obtained between the calculated and the oriented experimental susceptibility data. The agreement also serves as an independent check of the crystal-field splitting analysis for Er 3+ substituted into Y 3+ sites of C S symmetry in YAP.
II. EXPERIMENTAL DETAILS
As a congruently melting compound, YAP crystallizes into a distorted perovskite structure having a D 2h 16 ͑Pnma͒ space group symmetry, according to Diehl and Brandt, 6 and Sekiwa et al. 24 The monoclinic unit cell has dimensions of a = 5.330 Å, b = 7.375 Å, and c = 5.180 Å. 6 There are four molecules in the unit cell. Individual ion site symmetries are very low: Y͑C S ͒, Al͑C i ͒, O 1 ͑C S ͒, and O 2 ͑C i ͒. Similar ionic radii and formal charge make it possible for Er 3+ to substitute for Y 3+ in C S cation sites during crystal growth. Because of the similarity in crystal structure and cell dimensions, YAP forms a solid solution with stoichiometric orthoaluminates, such as TbAlO 3 , DyAlO 3 , HoAlO 3 , and ErAlO 3 compounds that are low-temperature magnetic refrigerators.
Single crystals of YAP containing approximately 1 at. % Er 3+ ͑1.9ϫ 10 20 cm −3 ͒ were grown by Kokta of Bicron Corp. using a modified Czochralski method. Iridium crucibles having a diameter of 50 mm and 60 mm in height were used to grow the crystals. The crucibles held a starting mix of stoichiometric quantities of the yttrium and aluminum sesquioxides and a small amount of erbium sesquioxide to achieve the desired concentration of erbium in the melt. The material was heated and sintered for several days at 1000°C before the temperature was raised to approximately 2300°C in an argon atmosphere. The vapor pressure of the melt is very low at this temperature. A seed crystal was used to initiate the growth process with pulling and rotating rates similar to those reported by Kimura et al. 25 The growth direction was along the c-axis of the crystal. Care is required to avoid twinning during the crystal growth. The perovskite structure of the crystals as grown was identified from x-ray diffraction. Samples were cut into rectangular shapes, roughly 3 ϫ 4 mm 2 , and 2 mm thick, with the larger face cut and polished parallel to the c-axis of the crystal for both spectroscopic and magnetic orientation studies.
Absorption spectra were obtained between 1700 and 350 nm with a Cary Model 14R spectrophotometer controlled by a desktop computer. Data points were recorded at 0.1 nm intervals. The spectral bandwidth was generally 0.1 nm over much of the wavelength range. Very sharp peaks were observed when the slit width was reduced to 0.05 nm, the smallest slit width available. Samples were mounted on a cold finger of a CTI Model 22 closed-cycle helium cryogenic refrigerator and the spectra recorded at temperatures as low as ϳ8 K. At this temperature the first excited Stark level ͑49 cm −1 ͒ has a very small Boltzmann population. Consequently, temperature-dependent ͑hotband͒ absorption spectra involving this level are very weak. The dominant lowtemperature spectra observed are due to ground-state absorption ͑GSA͒ and represent transitions from Z 1 , the ground state, to excited-state manifolds having J + 1 2 Stark levels per manifold of Er 3+ ͑4f 11 ͒. Each Stark level is a twofold degenerate Kramers doublet.
High resolution absorption spectra were also obtained at shorter wavelengths using a McPherson 2.24 m spectrophotometer ͑Ebert mount͒, having both photoelectric and film capabilities for spectral display. The instrument was purged and evacuated during operation. Interchangeable gratings blazed to maximize the intensities of the vuv spectra were used to observe the spectra down to 190 nm. The average resolution of the instrument was approximately 0.005 nm between 300 and 200 nm. Instrument calibration was based on emission wavelengths taken from an iron arc source used as a wavelength standard. To provide sample excitation, light sources included a Hanovia hydrogen discharge lamp and a high pressure mercury/xenon-discharge lamp. An array of narrow bandpass filters was also used. The absorption spectrum was obtained at approximately 8 K using a quartz conduction Dewar with uv transmitting windows. Crystals, rectangular in shape, were cut, polished, and oriented on a copper plate within a copper shield.
The magnetic susceptibility was measured using a vibrating sample magnetometer. Data were obtained between 78 and 300 K. The sample was oriented along the crystallographic directions ͓010͔ ͑b-axis͒ and ͓001͔ ͑c-axis͒ of the orthorhombic crystal. In the magnetic experiments the measurement errors of the magnetic susceptibility did not exceed about 1% or 2% and the positioning of the crystal axes was established to within about 2°or 3°.
III. ABSORPTION SPECTRA
The absorption spectrum and energy levels of Er 3+ in YAP measured between 1526 and 228 nm are given in Table  I . The spectrum of levels ͑column 6͒ 9-53 were obtained from the Cary 14 R; levels 54-134 were recorded by the McPherson. The spectrum was obtained at approximately 8 K with both instruments. Where the spectrum overlaps ͑lev-els 32-53͒, agreement is better than 0.1 nm, making it possible to represent the data from both instruments as a single set for the purpose of modeling the entire set of experimental levels. Representative examples of the 8 K absorption spectrum are shown in Figs. 1-3 .
In Fig. 1 we show the spectrum of the first excited multiplet manifold, 4 The expected J + 1 2 GSA transitions from Z 1 to Y 1-7 are easy to identify in the figure and the wavelengths are listed in Table I . A similar display of sharp-line absorption spectra is shown in Fig. 2 for the 4 I 9/2 manifold observed between 785 and 807 nm. Transitions from Z 1 to Stark levels W 1 -W 5 represent more than 90% of the total absorption observed in the figure. A third example from the near uv is the 8 K absorption spectrum of the 2 G͑1͒ 9/2 manifold shown in Fig.  3 . Intermediate coupling intermixes this level strongly with other 9/2 levels. Crystal-field mixing with the Stark levels of the 4 F 9/2 manifold results in significant contributions to the wave functions, as given in Table I .
The first eight Stark levels, labeled Z 1 -Z 8 listed in columns 5-7 in Table I , represent the splitting of the groundstate multiplet manifold, 4 I 15/2 . These levels were determined from an earlier analysis by the authors of the fluorescence spectra from the 4 S 3/2 and 4 I 13/2 manifolds to the ground state. 26 Values for Z 2 -Z 8 given in column 7 are also con- firmed by an analysis of the hotband absorption spectra obtained at room temperature. As an example, the room temperature absorption spectrum for 4 I 13/2 ͑Fig. 3, Ref. 26͒ shows remarkably sharp hotbands representing transitions from excited Stark levels Z n to the Y n Stark levels of the 4 I 13/2 manifold. Most of the Stark levels reported in Table I agree to within experimental error with the 104 levels reported by Donlan and Santiago. 21 A total of 134 experimental-to-calculated levels from Table I were used in the crystal-field splitting calculations that follow.
At wavelengths less than 228 nm the excitation sources at our disposal become problematic. In this wavelength region synchrotron radiation excited Er 3+ emission and excitation are superior. 23 Consequently, we are guided by the predicted levels given in Table I 23 who estimated that the spin-allowed f-d absorption band would be around 168 nm.
IV. MODELING THE ENERGY LEVEL STRUCTURE AND MAGNETIC PROPERTIES
The 134 observed Stark levels, split out from the 30 multiplets with energies below 44 000 cm −1 , were modeled using a parametrized Hamiltonian defined to operate within the 4f 11 electronic configuration for Er 3+ ions doped into C S sites of YAP. For convenience of discussion, the Hamiltonian may be partitioned as
where H A is the "atomic" Hamiltonian defined to include all spherically symmetric interactions. The atomic Hamiltonian is expressed as
where k =2,4,6; i =2,3,4,6,7,8; and j =0,2,4. All parameters and operators are defined according to standard practice, 27, 28 with corrected values 29 for the p k and m j operators used.
The H CF denotes the non-spherically-symmetric parts of the one-electron crystal field. The crystal-field Hamiltonian may be expressed ͑in Wybourne notation͒ as
where k =2,4,6 and ͉q͉ Յ k. Absorption Coefficient (cm parameters, and the C q ͑k͒ are many-electron spherical tensor operators acting within the 4f 11 electronic configuration. For lanthanide ions occupying C S symmetry sites, group theoretical considerations allow for 15 crystal-field parameters: three pure-real B 0 k ͑k =2,4,6͒ parameters plus six complex B q k + iS q k parameters ͑k =2,4,6; q =2,4,6; and q Յ k͒. However, the x-axis of the crystal-field quantization may be arbitrarily chosen within the crystallographic x-y plane, allowing one of the 15 crystal-field parameters to be arbitrarily fixed, leaving 14 independent crystal-field parameters. 30, 31 Standard convention sets the imaginary part of the rank-2 parameter, S 2 2 , equal to zero. Crystal-field energy-level parameters were determined using a Monte Carlo method originally developed for intensity parametrizations. 32 For each calculation, the 14 crystalfield parameters are given random starting values between Ϫ1000 and +1000 cm −1 . The parameter values are then optimized using standard least-squares fitting between calculated and experimental energy levels. A sufficient number of calculations will find all local minima on the error surface of the parameter space, which allows determination of the best global minimum. 19 For the fitting of 134 4f 11 energy levels of Er 3+ in YAP, the best solution was found approximately 15% of the time with a standard deviation, = 6.92 cm −1 ͑rms error = 6.09 cm −1 ͒. The second-best solution has a standard deviation of 10.37 cm −1 , which is 50% higher. Thus, the lowest solution is robust and we have a high degree of confidence that it is the true global minimum.
Calculated energy levels are presented in the eighth column of Table I for all energy levels up to 55 000 cm −1 , using parameter values given in Table II. The first two columns of  Table II present the atomic parameters and their values, with parameter statistical uncertainties given in parentheses. The third and fourth columns present the fitted crystal-field parameters and their values, calculated by using the standard convention of setting S 2 2 equal to zero. The final column of Table II presents an alternate set of crystal-field parameters, with the fixed parameter S 2 2 set equal to 122 cm −1 . This corresponds to a rotation of the parametrization about the crystallographic c-axis ͑i.e., the quantization z-axis͒ by 7.5°, in order to set the parametrization x-coordinate in the direction of the real part of the wave function for the ground-state Z 1 . Wave functions are given in Table III for the Stark components of the ground multiplet 4 I 15/2 . The first column of wave functions is given in complex-number notation and the second column of wave functions is given in conventional exponential notation. These wave functions were used for the calculation of molar magnetic susceptibilities described in Sec. V.
V. MAGNETIC SUSCEPTIBILITY MEASUREMENTS
In this section, we examine the anisotropic magnetic properties of single crystal Er:YAP and calculate the temperature dependence of the paramagnetic susceptibility as a function of the orientation of the crystal axes in a magnetic field. Comparing the experimental susceptibility with the calculated susceptibility using the wave functions and energy levels obtained from modeling results discussed in Sec. IV provides an independent assessment of the credibility of the calculated crystal-field splitting of the Er 3+ Stark levels reported in Table I . Figure 4 shows the temperature dependence of the inverse magnetic susceptibility −1 measured along the crystallographic directions ͓010͔ ͑b-axis͒ and ͓001͔ ͑c-axis͒ of the crystal. The figure also includes values obtained at 20 K by Kimura et al. 33 along the same directions. It is clear that the experimental values follow the Curie-Weiss law over the temperature range 20-300 K, where the measurements are made well above the magnetic phase-transition ͑Néel temperature͒, which for measurements made along the c-axis has been reported as 0.6 K. 33 The maximum magnetic susceptibility of Er:YAP below 100 K is observed along the c-axis, where the susceptibility c is approximately two times greater than the magnetic susceptibility b observed along the b-axis. Despite the decrease in the susceptibility values with increasing temperature, the anisotropic character is preserved in the higher-temperature region as well ͑see also Fig.  4͒ .
The temperature dependence of the magnetic susceptibilities is associated with magnetic interactions between the Er 3+ ions in a crystal-field having C S symmetry and the external magnetic field that leads to a strong anisotropy of the magnetic moment of the RE sublattice in the orthoaluminate structure of YAP. This is especially noticed at low temperatures. In addition, there is a contribution to the magnetization of the crystal that arises from the magnetic moments of the RE sublattice of the Er 3+ ions that is associated with the Van Vleck mechanism. This effect is due to the "mixing" of ex- Fig. 4 and are listed in Table III. In the temperature region around 300 K the magnetic susceptibility along the c-axis can be explained by significant contributions from excited states ͑Stark levels͒ located at energies ϳ166, 214, and 267 cm −1 in the 4 I 15/2 manifold, which become thermally populated as the temperature is increased. We believe that just these states are "mixed" and are split by the external magnetic field ͑see inset in Fig. 4͒ when the external magnetic field H is directed along the c-axis of the crystal. It is well to remember that the RE ions in the orthoaluminate structure occupy two magnetically inequivalent sites of monoclinic point-group symmetry C S , 35 and that the ions on the two sites are equivalent in the absence of an external magnetic field. Consequently, we can choose the z-axis of the local coordinate system of the Er 3+ ion located at one nonequivalent site so that it will be parallel to the c-axis of the orthorhombic crystal. At the same time, the local x-and y-axes lying in the ab-plane will be oriented at an angle Ϯ to the a-axis of the crystal ͑the Ϯ signs belong to the two crystallographically nonequivalent sites differing by the orientation of the local axes͒. 
